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HIGH~-ALTITUDE COOLING
IV - INTERCOOLERS

By K. ¥. Rubert

SUMMARY

The variation of intercooling requirements with altitude is
discussed and the corresponding effects on intercooler design are
shown. A discussion 1s also given of the relations among the
various design parameters and of the ranges of choice in design.
The important effecta of the various factors on intercooler pro-
portions are illustrated with charts for the Harrison copper cross-
flow intercooler.

INTRODUCTION

. Apnalysis ef intercooler .design for high-altitude operation
involves not only conslideration of the altitude effects discussed
in the other papers of this series (referemces 1 to 5) but also
conslderation of the fact that the heat-dissipation requirement
itself, unlike that of the other cooling elements, inocreases with
altitude. The purpose of this paper 1s to discuss this varlation
of the intercooling requirements wlth altitude and to show the
corresponding effecta on intercooler design. Inasmuch as con-
silderable latitude exists in intercooler design, the dlscussion of
the altitude effect has been supplemented with a discuselon of the
interrelationships of the design parameters. Some remarks con-
cerning intercooler types and construction have also been included.

The discussion hag been illustrated with a number of chartas

. for the Harrison copper cross-flow intercoolers, caloulated

according to the theory and methods of reference 6. Inasmuch as
the charte are mainly lllustrative, no effort was made in thelr
calculation to take into accournt the temperature and compressi-
bility effects on the preasure drop. The resulting error will
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usually be relatively emall for altitudes up to 40,000 feet because
of the relatively low airspeeds through intercoolers.

& & & & F
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smeE0LS
length of cooling-air passage, inches
length of engine chargs-air passage, inches
no-flow length of intercooler, inches
welght rate of flow of cooling air
wolght rate of flow of engine charge alr
supercharger intake total preasure, pounds per square foot
supercharger diacharge total presaure, pounds per sguare foot
cooling-air pressure drop through intercooler
engine charge-alr pressure drop through intercooler
temperature of free stream, °F absolute

temperature of cooling air entering lintercooler and also of
engine alr entering supercharger, °F absolute

tempereture of engine charge air at supercharger outlet,
OF ebsolute :

temperature required of engine charge alr at carburetor,
OF abeolute

veloclty in free stream, feet per second

adlabatic efficlency of supercharger

ratio of temperature drop of engine charge alr to temperature
difference between engine charge ailr and cooling alr at their

To - T
entrance to intercooler (@'2—‘_-53
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COOLIMREQUIREENI‘SANDD'TERGOOIERW

The perfo:mance required of an intercooler is defined by the
effectiveness ¢, which' is the .ratio of the temperature drop of
the charge air to the, temperature difference between the charge air
and the coo.,ing air at the:lr entrance to the cooler:

, Tp - T

g"m (1)

The cop,l:l.ng-air temperature T, as erplained 1n reference 3
15 the stagnation temperature given 'by

. (o] . . .
T, = T, +0.832 ('1'65) | (2)

in which the subscript o denctes free-stream conditions.

The temperature of the supercharger discharge To 18

0.286

P
53) -1 .
Ty = Ty | AR +1 (3)
. Nad

The outlet-alr temperatures as computed from equation (3) for
. a typlcal supercharger installation are shown plotted against alti-
. tude in figure 1. In obtaining the adlabatlic temperature rise used
in . constructing figure 1, the high-speed performance of a typical
purswit -airplane as given by table I of reférence 3 was assumed.
Curves showlng the temperatures that would occur with 100-percent
adlabatic efficiency have been added for comparison. These curves
show that, for £light at 500 miles per hour in Army alr at

40,000 feet, the discharge from a supercharger of 100-percent
adiabetic efficiency would be 112° ¥ higher than a specified car-
buretor temperature of 10Q° F and that the discharge temperature
from a supercharger of 65-percent adiebatic efficiency la even
higher by another 130° F.

_ The effectivensss required of -an intercooler is derived from
equations (1), (2), end (3), as
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g=l- (4)
Tad 75 0286

and is shown in figure 2 for a wide range of altitudes and true
airspeeds for flight in Army air with a supercharger efficiency of
0.65 and a carburetor-alr temperature of 100° F.

Values of the required intercooler effectiveness, obtained
from figure 2, are shown in figure 3 plotted against gltitude for
both high-spsed and climbing flight of the typical pursult airplane
of reference 3. The extréme flatneas of these effectiveness curves
for both high-speed and climbing flight is characteristlc of turbo-
supercharging with its ocontinuously variable supercharger speeds.
Gear-driven superchargers employing the throttle method of control
require intercoolers of higher effectivenessg than those adequate
for variable-speed superchargers, except at the critical altitude.

Values of intercooler effectivensss may be readily corrected
for changes in supercharger efficiency by a relation derived from
equation (4). For any given set of conditions of temperature and
pressure the relation 1is

oL 1-F (5)
Nad Nad'

where £' 1s the new value of intercooler effectiveness corre-
sponding to a new value of adlabatioc efficiency n,4'. This rela-

tion may be transposed as follows for greater convenience:

tr=1-(1-¢)

n
ad

1

INTERCOOLER TYPES AND CONSTRUCTION

The type of intercooler in general use is the cross-flow type,
in which the cooling alr and the charge air flow in parallel planes
at right angles to each other. The fundamentally best type of heat
exchanger, however, 1s the counterflow type, in which the two flows
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of alr are alsc in parallel pla.nes but in opposite directions. A
comparison of the two types of heat exchanger on the basis of
required heat-transfer surfacé is shown in figure -4 (data from ref-
erence - 7); where the advantage of. the counterflow type is seen to
be considerable for the higher values. of - effectiveness, This the-
oretical advantage," oons:[d.ered with the greater adaptability and’
greater freedom in the chboice of 'proportions of the counterflow
intorcooler, may in certain’ ocages outwelgh the adventage of sim-
plicity of. conatruotion of the cross-flow type. The possibilities
of the- countexrflow type accord;!_ngly should. not be .overlqoked. '

In some oross-flow Intercoolers the charge alr flows through
& battery of tubes and'the cocoling alr flows over the outside of
the tubes. The tubés are circular, elliptical, or flattened to -
such a degree as to conatitute eifectively parallel plates., In
the Harrison type of intercooler, which has been selected for this
analysis, the charge air and the cooling alr are separated by
parallel plates that are spaced and reinforced by metallic ribbons
acting as fins to increase the heat-transfer surface. The cooling-
alr and the charge-air passages are ildentical in cross section and
diTfer only in .length. - Dissimilarity between engina charge-air
and cooling-air passeges such ac is found in other types of inter-
cooler will modify somewhat the basic dimensions of the unit; dbut
similar trends in the variation of dimensions with altitude,
effectiveness, or pressure drop will occur.

THE EFFECT OF ALTITUDE ON INTERCOOLER DIMENSIONS

. The effect of design altitude on the intercooler dimensions
1e shown by figures S and 6 for the variation in effectiveness
with altitude shown in figure 3, - Figure 5 1s based on cooling-
alr and charge~-alr pressure drops of 40 pounds per square foot,
vhich 13 believed to be the minimum practicable value, and fig~
ure 6 is based on pressure drops of 70 pounds per square foot,
vhich is about the maximm usually cbtainable at the oritical
altitude. Greater flow lengths at low altitudes are a consequence
of the high effectiveness required. Tt 1s normally considered
impractical to design intércoolers for this condition and some
reduction in engine power at low altitudes is unavoidable con hot
d.ays.

Abgve 20,000 feet the flow lengths required are almost inde-
pendent of the design altitude, the principal effect being an
increase in no~flow length. For the case demonstxated, the no-flow

dimension increases approximately with the cube root of the design
altitude.
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RELATTORSHIPS AND RANGES OF DESIGN
FOR A GIVEN ALTITUDE

Thexre are eight interrelated major variables involved in the
design of intercoolers: engine-air flow, effectiveness, engine-air
pressure drop, cooling-air pressure drop, cooling-air flow, and the
three linear dimensions of the intercooler. Por any given type of
core construction only five of these variables can be independent.
The engine-air flow and the required effectiveness are basic param-
eters. The engine- and cooling-alr pressure drops are gecondary
parameters in which some. variation is vermitted. Of the four
remaining varlables — the cooling-air flow and the three intercooler
dimensions — one may be fixed by practical design considerations;
the other three are then determined for the given set of waluea of
the first four parameters.

The relationship between the variables is illuatrated for high-
speed flight of the typical pursult airplane in Army air at
40,000 feet by the curves of figures T to 10. The effect on the
dimensions of the intercooler of varylng the amount of the cooling
air is shown by the solid lines of figure 7 for a pressure drop of
40 pounds per square foot on each side of the lntercooler. This
figure shows the great increase of the no-flow dimension and the
comparatively emall decrease in the length of the engine-air and the
cooling-alr passages with Increasing cooling-air flow.

The broken lines of figure 7 show the intercooler dimensions
for the case of a TO-pound-per-square-foot pressure drop for both
engine alr and cooling alr. Where these higher pressure drops are
permissible, the reduction in necessary no-flow length of the inter-
cooler 1s marked, but the advantage of smaller frontal area and
lower weight so obtained must be weighed against the disadvantage

of greater cooling drag.

In order to demonstrate more clearly than 1s shown in fig-
ures S5 to 7 the relation of intercooler size to design pressure
drop, figures 8 and Y are presented. These figures show the indi-
vidual effects of engine-alr and cooling-alr pressure drop. An
increase in elther engine-air or cooling-air design pressure drop
appreclably reduces the required no-flow length with little change
in the other two dimensicns.

The effect on the intercooler dimensions of a change in
required effectiveness is shown in figure 10 for pressure drops of
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40 pounds per square foot for both engine and ocooling eair. 8Such a
change in required effectiveness might be rought about, for example,
by a change in the supercharger efficlency or by a chango in the
carburetor-air temperature requirements. Thus, an increase in fngg
from the aassumed valué of 0.65 to a value of 0.77 would reduce the
required intercooler effectiveneass of 0.705 used for figure T to
0.65, which for a mass-flow ratio of 2 results in deoreasing the
intercooler volume from 5,75 to 4.10 cubic feet. A decrease of

10° F in the desired carburetor-air temperature would require an
increasé in intercooler effectiveness to 0.735, which for the same
mass-flow retic of 2 would increase the volume to 6.8 ocubic feet.
Although some reduction in no-flow length occura wlth lncreasing
effectiveness, the volume of the intercooler increases because of
the inocrease in both flow 1en5ths. From considerations of airplane
performance, intercoolers of effectiveness greater than 75 percent
are md:esira.bl'e, as ehown in reference 8. -

. An ertended treatment ‘of the sub,‘jeot of design variables 1s
given in reference 9.
CONCLUDING REMARKS

The limits on available cooling-ailr pressure drop are set by

- air'plane -performance, and one or more of the maximum intercooler

dimensions are governed by the space available in the airplane,
The remaining intercooler dimensions and the rate of flow of cool-

* ing air are the ‘Principal -variables to be .adjusted by the designer

in meeting the intercocaling requirements. The final cholce will

be a compromise between intercoolers that have small volume, great
length iIn the no-flow dimension, and use large guantities of cool-
ing air, -and intercoolers.that have more convenisent proportions,
use less air, but are excessively heavy. For the type of core
under discusasion, the best compromise will frequently be found at

a ratio of cooling-air mass flow to engine-alr mass flow of about 2.

High-altitude design produces a marked effect on the no-flow
dimension and the voiume of air handled. ZXor the type of inter-
cooler examined, the no-flow dimension at a constant pressure drop
and constant mass flow of cooling air varies epproximately with the
cube root of the design altitude. In general, an intercooler
designed for high altitudes will be larger and heavier than one
selected for use only at lower sltitudes. At any given altitude,
however, the cooling-nower requirement of the unit designed for high
altitude will be less than that of the unit selected for use at only
low altitudes,

Langley Memorial Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley Fleld, Va,
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figure 2.~ Infercooler effectiveness for Army air as @ function of speed and

altitude. Sypercharger discharge pressure, ZH6 pounds per square foof,

carburetor temperature /007, 90 percent recovery of Free-stream dynamic

pressure with full adiabalic femperature rise.
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Figure J — Intercodler effectiveness for climb and high
speed of Lyprcal pursuvit anplane. (Dermed from f19.2.)
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Variation of intercocler dimenswons

Figure
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Figure 6.~ Variation of mtercooler dimensions with
desin altotude for pressure argps of 70 pounds
per square Foot for both engine charge air and
cooling air: £Effectiveness for the figh-soeed
condition fram figure J

Figure 7= Effect of cooling-aw Flow on inlercooter
dimensions for pressure dreps of 40 pounds per
square foor and 70 pounds per square foof
Alhtude, 40000 feel, speed) 300 miles per
hour; €=0705.
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8., 40 pounds per square foof; £E=0 705
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